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Complete Abstract: 
This thesis presents a Field Programmable Gate Array (FPGA) based, high-speed search system that is 
intended to perform simple data mining operations on the data streaming from an off-the-shelf hard drive. 
This system includes the search engine itself and a device that snoops the traffic on an ATAPI/IDE 
peripheral bus, capturing data transmitted by a hard drive attached to the bus and forwarding that data to 
the search engine. The search engine, which is an adaption of the Smith-Waterman local sequence 
alignment algorithm, can process search data at a rate of 100 MB/sec, with a query string up to 38 bytes 
long. The motivation for developing this system is to move most of the processing burden in data mining 
applications from the CPU to a level closer to the hard drive, while at the same time achieving search 
throughput gains by taking advantage of massive parallelism possible in FPGA-based implementations. 
To demonstrate the magnitude of performance gain that is possible, this thesis also includes the results 
of simple performance tests that compare this system to traditional, CPU-based search applications like 
the UNIX tool "grep." The search engine and related components were developed and implemented on the 
Field Programmable Port Extender (FPX), an FPGA-based component of the Washington University 
Gigabit Switch (WUGS). 
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t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13 t14 t15
a a c g g a t g a g g g t a t
p1 a 9 9 -9 -9 -9 9 -9 -9 9 -9 -9 -9 -9 9 -9
p2 t -9 0 0 -18 -18 -9 18 0 -9 0 -18 -18 0 -9 18
p3 c -9 -18 9 -9 -27 -27 0 9 -9 -18 -9 -27 -18 -9 0
p4 g -9 -18 -9 18 0 -18 -18 9 0 0 -9 0 -18 -27 -18
p5 g -9 -18 -27 0 27 9 -9 -9 0 9 9 0 -9 -27 -36
p6 a 9 0 -18 -18 9 36 18 0 0 -9 0 0 -9 0 -18
p7 a 9 18 0 -18 -9 18 27 9 9 -9 -18 -9 -9 0 -9
p8 t -9 0 9 -9 -27 0 27 18 0 0 -18 -27 0 -18 9
p9 g -9 -18 -9 18 0 -18 9 36 18 9 9 -9 -18 -9 -9
p10 g -9 -18 -27 0 27 9 -9 18 27 27 18 18 0 -18 -18
p11 g -9 -18 -27 -18 9 18 0 0 9 36 36 27 9 -9 -27
p12 t -9 -18 -27 -36 -9 0 27 9 -9 18 27 27 36 18 0
p13 a 9 0 -18 -36 -27 0 9 18 18 0 9 18 18 45 27






















































>WANLK<U<Ł=PJLK<4)WQN>WQNeK<UGWQYnDdK?4IK?UBcKŁBAJJ3=?\F=?VRK<=PS :^; K<U=CiBc t v1YZT>VRK?DMWA>DF>G(gITB}K<DMWA>GkQH
Á
DF>








OrWQDF>^K?=?SiK?WŁBQNRSBQ>,=P\M=?Ci=?><K~£ tT¤X¦1§ v/NR=?ON3=PJ3=?><K<JBA>,=RfiBAVRKBQ\FDM[A>CE=P>^KWAY$K?U=zVcUBAN3BQVffiK<=?NRJ} ¸
BQ>Sé1»DF>GK?U=if>BQ\1BQ\FDM[Q>CE=?><K<H{BQVcU{`a=?NLK?DMV?BA\*BQNRN3W9Ł¶N3=PON3=?JR=?><K<JB[ABQOwDF>J3=?NeK<=?S : =?YZWQNR=
K<U=zVcUBQNRBQVRK?=?N81»DM>K<U=K?BQN3[A=RK·%K?WoCEB}fiDFCEDFº?=BQ\FDM[Q>CE=?><K<4$BA>S=?BQVcUUWAN3DFº?WQ><K<BA\8BAN3N3W9Ł~B
[QBAO,DM>JR=?NLK?=?S : =?YZWQNR=K?U=zVcUBAN3BQVffiK<=?N}Ì¸(DF>iK<U=OBcK3K?=?N3>ffH	>S=?=?S4K?U=?N3=CiB ; : =zCsT\bK<DMO\M=













































































































































































































































































V?WACEOT®K<BcK?DMWA> t< 2DMWA"WQCiOQv *'5CiWST\M=PH
TVUBUBQNRSAŁBAN3=DFCEO\M=?Ci=?><K<BcK?DMWA>BQJK<UWAJ3=1S=?J3VPN3D : =?SB : W9`a=1DMJnTJ3=?YZT\YZWQNnOa=PN3YZWQNRC0
DM>[B_fN3JeKOBAJ3J1BcKf>SDM>[zBQ\FDM[A>CE=P>^K?J(WAYIK?U=OB}K3K<=PN3>~oDM>iBQ>X=RfiVP=?=?SDF>[Q\ ; \MBAN3[A=K?BQN3[A=RK>c4
J3DF>V?=DdK?J/NRT>>DF>[K<DMCi=DFJ/=?JRJ3=?><K<DFBQ\F\ ; @ffiTJLK*î t ¡*vR48VPWQCiOBQNR=?SiK?W=î t ª6¡ffv/YZWAN/BiJ3WAY K	ŁBQNR=
DMCiO\F=?CE=P>^K?BcK<DFWQ>,WA>wBT>DMONRWV?=?J3JRWQN_CEBAVUDF>=?H{W9Ł=R`a=?NR4 : =PV?BQTJR=_K<UDMJDMCiO\M=PCE=?><K<B}K<DFWQ>
WQ>\ ; JeK<WQNR=?J1K?U=%`BA\MT=PJ/YZWANK	ŁWsVPWQ\MTCE>JWAY)K<U=z&'uCiBcK?N3Dd,BcKzBK?DMCi=?4DbKDMJ>WcKzOrWQJ3JRD : \F=
K<Wi=RIK<NRBQVRKzBQ\FDM[Q>CE=?><KDF>YZWQNRCEB}K<DFWQ>SDMN3=PVRK<\ ; YZNRWQCÞK<U=_UBQNRSAŁBAN3=?HBcK?U=?N34$BŁWAN3IJLK?BcK<DFWQ>







































































































ÛdmA¹QÜFH, *DdDM>[K?U=?J3=`hBQ\FT=?JCE=PBQ>J : W}K<UáK<U=`hBQ\FT=?JWQYDF>SDb`fiDFSTBQ\ff&'5CEB}K<N3Db=?\M=PCE=?><K<JR4
BQ>SGK?U=ESDMr=?N3=P>V?=zDF>G`hBA\MT= : =RK	Ł=P=?>,BQSA@ffiBAV?=?><KE=?\M=?Ci=?><K<JBQNR= : WAT>S=PSwDM>,NRBQ>[A=?4nŁUDFVU
BQ\F\MW9ŁJGJ3DF[Q>DFfV?BQ><KWQOAK?DMCiDMº?B}K<DFWQ>H»Or=?V?DFfV?BA\M\ ; 4UBQN3S®ŁBQNR=NR=?gITDMNR=?SÌK<W!JLK?WQNR={`hBQ\MT=?JGWQY
&' CEB}K<N3Db]=P\M=?Ci=?><K<J34BAJŁ=?\F\BQJK?U=oUBAN3SAŁBQNR=NR=?gITDMNR=?SwYZWQNsVPWQCiCsT>DMVPBcK<DFWQ> : =RK	Ł=?=?>
BQS®@ffiBQV?=?><Kz=?\M=?Ci=?><K<JR4CiB ;: =zNR=?STVP=?SGSN3BACEB}K<DMVPBQ\M\ ; K<UN3WQT[QU,CiDM>DFCEBA\ : DdKz=?>V?WSDM>[AH rWAN
=RBQCiO\M=P4(Û
cÁ
ÜnWQ>\ ; TJ3=PJWQ>= : DdKK<WoJeK<WQNR=s=?SDbKSDFJLK?BQ>V?=PJ/DF>,=?BQVcUCiBcK?N3Dd=?\F=?Ci=?>^K?HUDFJ
WQO®K<DMCiDMºPBcK<DFWQ>{BQ\M\FW9ŁJS=?JRDM[Q>=?N3J1K?WofAKCiWQNR=sON3WVP=?J3JRDM>[G=?\F=?CE=P>^K?JOa=PNSDM=_WQNOr=?N *'
4
BQ>S7K<UITJK<W7BQVcUDM=R`a={UDM[AU=?N{V?WQCiOTAK?BcK<DFWQ>BA\S=?>JRDdK ; H»W9Ł=R`a=PN34zB!SNRB9Ł : BQVcÌK<W K<UDFJ
















































































































>DbK<=SDMVffiK<DMWA>BQN ; WQY*= ; ŁWAN3SJ t WQN=P>V?WSDF>[QJjK<U=PN3=?WAYffivJLK<WAN3=?S{DM>{/+,H)2WcK?UBQOON3WABQVcU=?J
\M=P>SK<U=PCEJR=?\d`a=?JK<WSDFr=?N3=?><KåBAOO\MDFV?BcK?DMWA>JDM>K<=RIKåJ3=PBQN3VcUDF>[fK<U=S ; >BQCiDMVONRWQ[QNRBQCiCEDF>[
DMCiO\F=?CE=P>^K?BcK<DFWQ>J1\M=?>S_K<U=PCEJR=?\d`a=?J1N3=?BASDM\ ; K?WEJR=?BQNRVUDM>[sYZWANBEJRDM>[A\M=?4$BAN : DbK<N3BAN ; = ; ŁWQN3S






















































































































































(0 : BAJ3=?S,VPDMN3VPTDdK : WABQNRSS=PJ3DM[A>=?SGYZWQNTJ3=åŁDdK<UK<U=% -BQJRUDM>[}K<WA>>Dd0
`a=?NRJ3DdK ; 




 -BQJ3UDM>[}K<WQ>!>Dd`a=?NRJ3DdK ; H{U=o *'4fiŁUDFVUJ3DbK<J_WQ>wB{OaWANLKWA>{K<U= .
wJLŁDbK<VcUYZB : 0
N3DFV?4ON3W9`fiDFS=?J_B,N3=?V?WA>f[ATN3B : \M=GUBAN3SAŁBQN3=GO\FBcK?YZWQN3CðK<W,Or=?NRYZWQNRCÝBAN : DbK<N3BAN ; YZT>VRK<DFWQ>JsWA>
+ V?=?\F\MJzOBQJ3JRDM>[yK<UN3WQT[QUK?UBcKOrWANLK<HÌ .UDM\M=X *' ŁBAJEWAN3DM[ADM>BA\M\ ; DF>^K?=?>S=?SyK<WOr=?NL0
YZWQNRC»>=RK	ŁWAN3IDM>[sBAOO\MDFV?BcK?DMWA>JWQ>K<U=åK<NRBQiVK<NRB9`a=?N3JRDM>[K?U= .
{JLŁDdK?VUGYZB : N3DFV t DFHM=?HF4
 rBQJeKffi' #$WWQITO4ä'
Ð=?>VPWSDM>[A4/BA>S-&(7=?>V?N ; O®K<DMWA>v34ffK?UDMJåK<U=PJ3DMJsYZWVPTJ3=?JiWQ>!TJe0




































BQ>SK?U=/=RK	ŁWQNRffi><K<=PN3YZBQVP=&=R`DMVP= t 	&vR4^ŁUDFVUsDFJN3=?JROaWA>J3D : \M=YZWANN3WQT®K<DM>[+ÞK<NRBQiV
K<W,BA>S!YZN3WACK<U=X/&»BA>S!YZWQNsN3=PON3WA[QN3BACECiDM>[XK<U=o&H1U=GYZ=?BcK?TN3=PJzWQYjK<U=o *'
BQ>Su=R`a=?>áK<U=,&BQN3={ghTDdK<={CEBA>DMYZWA\MS4 : TAK WA>\ ; K<UWQJ3=,NR=?\M=ffi`BA>^KiK<WyK<UDMJ_K?U=?J3DFJŁDF\M\




















































J3=PBQN3VcUSBcK<BŁWQT\MS : =_J3T : CiDdKRK<=?SK<WK<U=_/& YZN3WAC»BoN3=?CiWcK?=J3WQTN3V?=?4ffBQ>SK<U=?>{J3=?BAN3VcU
N3=PJ3T\bK<J*NR=RK<TNR>=?S : BQVcK?W1K<UB}K/N3=?CiWcK?=J3WATN3VP=?4N3=P>S=?NR=?SK<U=JR=?V?WA>SsCEWST\M=T>>=?V?=?JRJ3BAN ; H
UITJ34)BQ\M\r *'flCiWST\F=?JSDMJ3VPTJ3JR=?SEDF>_K<UDMJfiK<U=PJ3DMJŁ=?NR=/S=R`a=?\MWAOr=?SET>S=?NK<U=BQJRJ3TCiOAK<DFWQ>
K<UBcKK<U=J3=PV?WQ>SGCiWST\F=zJ3\FWcKŁWQT\FS=?DbK<U=?N : ==PCEOAK ; 4)WQNjŁWAT\MSGV?WA>^K?BQDM>GB : =?>DM[A>O\FBQV?=
UWA\MS=?NffK?UBcKzN3=PghTDFN3=?J1>=?[A\MDM[AD : \F=VcUDMOoNR=?J3WATN3VP=?J3H
U= : BAJ3DMJWAY$BQ> ; &àCiWST\F=/DFJBf>DdK?=JLK<B}K<=CiBQVcUDF>=nK?UBcKUBQ>S\M=?JSB}K<BzOBQJ3Je0
DM>[W9`a=?N(K<U=K	ŁWGmQk}0 : DbKyDF>^K?=?N3YZBAV?=?J : =RK	Ł=P=?>,DdKEBQ>S{K<U=i	&H*BAVUWQYK<U=?JR=EDF>^K?=?N3YZBAV?=?J
DMJB{'(	ÆDF>^K?=?N3YZBAV?=?4fiŁDdK?USB}K<B{YZWQN3CiBcKRK<=?SÌDM><K<WG+ VP=?\M\FJ34J3TVcUyK<UB}KzK<UDMJYZT>SB}0
Ci=?>^K?BQ\*JeK<B}K<=sCiBQVcUDM>=sDFJJ3DFCEO\ ; WA>=K<UBcKET>S=PN3JLK?BQ>SJK<U=s(+ ONRWcK?WV?WQ\FHBAVUN3B9Ł









































































































OrWQOT\MBcK?=?S ŁDdK<UuWA>=,WQNXCEWAN3=, *'JRHßUDFJoJ3WAY K	ŁBQNR=,DMJoNR=?J3OrWA>J3D : \M=,YZWANoSW9Ł>\MWABQSDF>[
 *'
 : DdKf\F=?J1K?WsK?WK<U=s *' K<WGONRWQ[QNRBQCxK?U=E&4nJ3=ffiK3K<DF>[GTON3WQT®K<DM>[OBQN3BACE=ffiK<=?NRJ
YZWQNjK<U=ffi&4$BQ>S{W : JR=?NL`DM>[sTJ3=?Ne09S=Pf>=?S{JLK<B}K<TJCi=?J3JRBQ[Q=PJ/YZNRWQC»CEWST\M=?JWA>iK?U=z&H
SSDdK<DFWQ>BA\/YZT>VRK<DFWQ>BA\MDbK ; 4/JRTVU7BQJoOBQN3JRDM>[K<=?JeKá+ V?=P\M\MJK?WJR=?>SÌK?WGK?U=, *'»BQ>S
W : J3=?Ne`fiDF>[iK?U=oN3=PJ3T\bK<J341DMJ_BQ\MJRW,B9`BADM\FB : \F=EYZNRWQC|"






!YZWAN/NRWQTAK?DM>[i\MBAN3[Q=%`aWA\MTCi=?JWQYnSB}K<B : =RK	Ł=P=?>oDdKBA>S,BQ>{ *'HUITJR4
TJR=zWQYn"
7YZWQNjK<U= *'5CiWST\M=PJ/S=PJ3V?NRD : =?SGDM>K<UDMJffK<U=?J3DFJDMJ\MDMCiDdK?=?SK<WK<=?JeK<DM>[



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Û å Û % Ôr>3ÔMÐÕxÖ6Ù"ÆSÎSÂ?õ)ÎSÑ|ßaÂÍ3Ø ögÉ3÷Aø"ÌÂÖ{ßaÖçßaà)ÆUÒnÑ[*	Â?ÒkÄ)Ò ßaà]Å6ÍGÄ]ÃGà)Ù)ÄßhÍGÓ]ßaà]ÆEÔ'ÐEÕrä)Ä)Ö°ÂßaÖHÆSÌÓ~ÑGÖ
òô3ônÜ[Ë$>3Ö6È































d(0,0) d(0,1)p0 d(0,2) d(0,3)
t0 t1 t2 t3
8
8
d(1,0) d(1,1)p1 d(1,2) d(1,3)
16 16

























































































































































































































































































































è.ñXö6ëffièXû3úè.ë3èfffi?òflffiö:øÃòsêûüè.û ó?ösëë þ ñ.òòsôöì?ösü@ö6üüì?ë!""è.û#öÓë3ì?üêûüö6ûffi:ñXò6ésè.ó÷ê$%
&
ì&ö6üüì«ü'Øò~öflò6èXüúëòsúö6ésö?è.ò6û üì?ñ.ößþ()ffiöcèXûó?ëì«ö*ì+0èffffiflì&è.ûúê,0è.üî
Ù.- Õ[Ö0/132 Ô54ffi67 Ù.- ÕÚ98uÖ0/*1;: ºÛ?Ù.-ÁÕ[Ö?Ú#81<: ºÛØ¼=- Õ[Ö0/1(: Ù.- Õ9Ú98Ö?Ú#81!> -Łísî?81
Ù.- Õ[Ö8132 Ô54ffi67 Ù.- ÕÚ98uÖ81;: ºÛ?Ù.-ÁÕ¨Ú98uÖ0/*1;:A@6ºÛØÙ.-ÁÕ Ö?ÚB81(:A@6ºÛ
¼=-ÁÕ[Ö0/1(:(Ù.-ÁÕ9Ú98Ö?Ú#81C:(ºÛØ¼=-ÁÕ Ö81<: Ù.-ÁÕ9Ú98uÖ0/*1"> -Łísî@1
Ù.- Õ[Ö0@132 Ô54ffi67 Ù.- ÕÚ98uÖ0@*1;: ºÛ?Ù.-ÁÕ¨Ú98uÖ81;:A@6ºÛØÙ.-ÁÕÚ98Ö0/1D:FE ºÛ
Ù.-ÁÕ[Ö?Ú#81C:FE ºÛØ¼=- Õ[Ö0/1(: Ù.- Õ9Ú98Ö?Ú#81C:A@6ºÛ
¼=-ÁÕ¨Ú98uÖ81C:(Ù.-ÁÕ9Ú98Ö0/1D:(ºÛ
¼=-ÁÕ¨Ú98uÖ0@*1C:(Ù.-ÁÕ9Ú98Ö81!> -ŁísîE1









ö6ë3ò6êûü^òsøffiöZ3è.é6ûö6ñ & ì"[ffiì?ì?û~ëò\"ò0û^èXûÓç±è.é6êëì2í6îEsîwýñò&ûòØìì]Øì?ë3÷Ù.- Õ[Ö?ÚB81!
è.îXì?îHffiì^(ìMÓèXûúê<´òsêñ.üö6ó"?êö6ñXñþ & ìÓÙ.-ÁÕ Ö0E*1";0èff#ffiìZ0ëösúö6ëòsêûüN!òO0ûøÃò6ëYì






































¼=-ÁÕ[ÖG/*1C: Ù.- Õ9Ú98Ö?Ú#81!> -Łísîs1
Ù.-ÁÕ[Ö8132 Ô4W67
t
















































































Łþ(M?ò6ñXè.ójösëë3ö þnØòB@ & èffffiú=ì?ëffióö6ë3ö6ó"?ì?ë!vè.îXì?îøÃòsëffiö6û òsúØèX÷Óè`p?ì?üÈì«ûó?òüèXûéò6øõfiSý & öì"
´òsêñ.ü èXûüì?ì«üoöflìésöØì0ffiè.û#ìX wýõffiîDmòOffiì"flì?ë"Cè.ûó?ìffiìX3ì?ó?òsûü úè.ú=ì?ñXè.ûìlM?ö6é6ìòsûñþ
è.ûffiflò6ñ	flì\8{ & èffÓö6ë3èffffi÷Óì"?è.óvëì«é6ö6ë3üñ.ì0!&ò6ødffiì0è.üeòsøCìØösëésì"Óö6ûüúö"Øì?ë3û è.ûúêffi"
èffffiò6êñXüÉûòjè.÷~úëòflì]ffiì&ó?ë3èff?è.ó?ösñDúöffiî
















































































































































































































¡ ö6ûö6é6ì«ëîU¡ êóGlò6øYffiìÒó?ò6÷~úñXì"Qè	rþ òsøìo%ØöØì üèXö6é6ë3ö6÷ ëì3êñffÓøÃë3ò6÷îffiì¦ö6ëèXö
&
ñXì

















































































































































































































































































































ü*!ßðXû$ôü*ý~ú$òþffið`ü6ûZüò$ß.ü & ôÉû$ôñßðñð & ß`ô:üýÓú$þó!ô?üü#ffi$ôÉú$ó"ü*ú.ôü0 Eüsû$Mó!òffið.ûñ
ffiôFùfýKþffió!ð	QG ÞüóJ$ôô?ûffiffiðó"ôfij;þ*ó!ñô"\Mó!ðXû$ñKüß`ð.û$ôö























































































































































































































































































































































































































































































































































]Jó!üýKð6¨!ôjÓ X @[Jj[] Q ± Q fiI½ü RZS ó"ü*ß`ßôó
Ø
 $ô0þ*ñ*þ S ôL $jE@/¾õ'®õ0[ @0¾iøc[Jj[] Q ± Q fiIfY$þó VV ó!ðbaô)UE Þüó!ý'þ STS ô Ve` ð S YFþ R ôQ S @
$ß`ô X ¨ i ¨ S ô0ý
Ø
Q fiI © ò¨þ*ßh¨"üK STS ô V` ð S Y=þ R«Q8RR ü S ôfiô)¨!ðñ R U Q8R ö Q fi{@/¾*þ © ò¨þ R þ*ß i pôó
jgY$ô S8` ü©ý'þ0¿üó Y¢ò$ó V ßô¨ S ü½ü*ß`ßô S ð R ñ"P.ôóW Þü*ó!ý'þ R ô V þ S þFü RÀS Y$ð6¨ ` üóT1°¨ S þ S ð`ü R
` ô0ó!ô S Y$ôP$ó!ô0ðh¨!ð`ü R ü0 ôQdô0ò S ð`ü R«S ðý'ôBýKô0þ/¨!òó!ôý'ô RZS ¨ V ôó!ðÁaô V  Þó"ü*ý S Y$ô ` üóT1°¨ S þ S ð`ü R h6¨
ó!ô0þ*ß X|S ð`ýKôg0ßü31U$þ RV­S Y$ôß`þ/1Vü0 ¨ i4R 2Yó!ü R ðpþ S ðü R ü/ ¨"ò2Y'ô"Q(ôò S ðü RKS ðý'ôý'ôþ/¨"ò$ó!ôý'ô RZS ¨
` ð S Y S Y$ô Q I © ò¨'þ/ S ðba(ð S8i ý'ôþ0¨!ò$ó"ôýKô RS ¨Xñ*ßô0þ R ô VÂ©i&S Y$ô © ò¨'þ R þß i pôó!öøü S YY¢ò$ó X















































































































































































































































































































































































































































































































































































































































Y$þffaôXþ R ô.ô S U ` þ0¨ü ©0S þ*ð R ô V` ð S Y S Y$ô
á
ð R òQ S üü*ßfl_Y V P$þ*ó"ýKö`a9jgY$ðh¨ð V ôþ*ß S Y$ó!üò$ñ/YP$ò S
a þ*ß`ò$ô ` þ/¨¨TY$ü `FR~©ZiS Y$ô © ò¨fiþ R þß i pôó S ü © ôXõ0¾*ös#¡Løg±/¨TU ` Y$ð62Ynðh¨fið V ôþ*ß © ôþò¨!ô S Y$ôó!ô
` þ0¨þ/ S ò$þ*ß`ß iBR ü%¨!ôþóTY$ð R ñ V ü R ôöjgY$þ S ðh¨WU_zY V P$þó!ý'a¨"ðý%P$ß i ó"ôþ V þ R þó © ð S ó!þó i P.üó S ð`ü R
ü/  S Y$ôY$þó VV ó!ðÁaôh ¨<ü RZS ô RS ¨ S ü S ô)¨ S ð S ¨ S Y$ó"ü*ò$ñ0YP$ò S ö
jgY$ôlð R Pò S $ß`ô¨ò¨!ô V ð R þ*ß`ßP.ôóW Þü*ó"ýKþ R ô S ô¨ S ¨ ` ô0ó!ôª[ $ QTQS ô"Q S $ß`ô¨E0ü RZS þ*ð R ð R ñ
®Å XT©i°S ô~¨ S ó"ð R ñ0¨Bü/ Y$þó!þ/ S ôóW¨ V ôß`ðý'ð S ô V¯©i þ R ô `gX ßð R ôBY$þ*ó"þ/ S ôó!ö9jgY$ô«P.ü*ó S ðü R ¨=ü/ 
S Yôoð R P$ò S $ßô¨ S Y$þ S7` ôó"ô R ü S ýKþ S Y$ô¨%P$ßþ RS ô V½©i½S YôPþò S Yü*ó ` ôó!ôP.ü/P$òßþ S ô V&` ð S Y
þB¨"ð R ñßô%2Yþ*ó!þ0 S ô0ó!öLjgY$ô'$ßô)¨\ó"þ R ñô V ð R ¨!ð`pô Þó!üý þ0PP$ó!üQ(ðý'þ S ôß i ®¾~Ìø S ü Å0¾/¾L¡LøgU
þ*ß S Y$üò$ñ/Y«P.ôóT Þüó!ý'þ R ô S ô¨ S ¨ð R aü*ßba(ð R ñVßþó!ñô R ò$ý © ôóW¨ü/ P$ßþ RS ô V ýKþ S Y$ô¨g¨ S þ*ó S ô Vd` ð S Y
ßþó!ñôófið R P$ò S $ßô)¨ S ü=þ/)ü*ý'ýKü V þ S ô'ü R ôP$ßþ RS ô V ýKþ S Y~P.ôóßð R ôöKjgYôXð R P$ò S ßô¨ ` ôó!ô

































































































































































































































































































































































































































































































































































[fiß S Y$üò$ñ/YÊØ?ñó!ôPÙþ R P.ôóT Þüó!ý9ð R ôCÛdþ0 S ¨ S ó"ð R ñ X ý'þ S 2Y$ð R ñ/UôöñöhU ` ð S Y ` ðß V þ*ó V ¨;þ RV
ó!ô0ñ*ò$ß`þ*óôWÛ4P$ó!ô)¨T¨!ð`ü R ¨WU S Y$ôP.ôóW Þü*ó!ý'þ R ô S ô¨ S ¨gü RV ò S ô V  Þüó S Y$ðh¨ S Y$ô¨"ðh¨ü R ß i üffaôó"ô V­S Y$ô
ßô)¨T¨5ü*ý%P$ßôCÛwü/P.ôó"þ S ð`ü R ü0 +ôCÛdþ0 S ¨ S ó"ð R ñ X ý'þ S 2Y$ð R ñ*ö Ö Y$ð6¨ý'ôþ
R ¨ S Yôª¨!ô0þ*óTY S Y$ó!üò$ñ/YP$ò S
ó!ô)¨!ò$ß S ¨¨WY$ü `FR ð R7S Yðh¨5¨!ô S ðü R ó!ôP$ó"ô¨!ô RS þ R òPPô0ófißð`ýKð S ü R Ø?ñó!ôP Ý ¨TÙP.ôóW Þü*ó!ý'þ R ôU;þ RV
S Yþ S ØÕñ*ó!ô)P Ý ¨WÙ\ü0P S ð`ýKð6Úô V ¨ S þ S ôýKþ02Y$ð R ô.¨WY$ü*òß V ü R ß iR ôô VKS üP.ôóT Þüó!ý9þýKð R ðý'þ*ß R ò$ý © ôó
ü/ ¨!ðñ R þ*ß X Y$þó!þ/ S ôógüýPþ*ó!ð6¨!ü R ¨TUCð`öôö6U Ü ´à^µ5 Þü*óþ R ð R P$ò S ßô. ©i°S ô)¨ßþó!ñôö
á¿"è¿"Á âBãÒOCÑfiÌ¢Ã!ÄËÉäcÃ!ÇÉÒæåëe¿Gç ÑÇ_IVÒ;ÍfÄ.N=Ï ê+Ì°O.ìfiÒ;ë





















grep execution time vs. number of matches, 10 char query
∆ − 1 match, est. rate 3.6549e+07 bytes/sec
o − 50 matches, est. rate 3.3973e+07 bytes/sec
+ − 100 matches, est. rate 3.6381e+07 bytes/sec
x −  200 matches, est. rate 3.3954e+07 bytes/sec
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grep IDE throughput vs. number matches, 10 char query
∆ − 1 match, weighted avg. 3.6603e+07 bytes/sec
o − 50 matches, weighted avg. 3.3828e+07 bytes/sec
+ − 100 matches, weighted avg. 3.4320e+07 bytes/sec
x − 200 matches, weighted avg. 3.3766e+07 bytes/sec
* − 300 matches, weighted avg. 3.3842e+07 bytes/sec
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grep execution time vs. query length, 300 false matches
∆ − 10 char query, est. rate 3.1554e+07 bytes/sec
o − 20 char query, est. rate 3.2710e+07 bytes/sec
+ − 30 char query, est. rate 3.1509e+07 bytes/sec
x − 40 char query, est. rate 3.2794e+07 bytes/sec













































































































































































































































grep IDE throughput vs. query length, 300 matches
∆ − 10 char query, weighted avg. 3.2117e+07 bytes/sec
o − 20 char query, weighted avg. 3.2602e+07 bytes/sec
+ − 30 char query, weighted avg. 3.1410e+07 bytes/sec
x − 40 char query, weighted avg. 3.2680e+07 bytes/sec
* − 62 char query, weighted avg. 3.2167e+07 bytes/sec
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biocomp execution time vs.pattern length, 1 match
∆ − 4 char pattern, est. rate 4.6589e+06 bytes/sec
o − 8 char pattern, est. rate 2.4478e+06 bytes/sec
+ − 16 char pattern, est. rate 1.5116e+06 bytes/sec

































































































































































































































































































































biocomp IDE throughput vs.pattern length, 1 match
∆ − 4 char pattern, weighted avg. 4.6394e+06 bytes/sec
o − 8 char pattern, weighted avg. 2.4501e+06 bytes/sec
+ − 16 char pattern, weighted avg. 1.4931e+06 bytes/sec













































































































biocomp target data throughput vs. pattern length
∆ − Regression line, slope 1.7160e+07, intercept 3.5721e+05
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